Activation of BK Ca channel is associated with increased apoptosis of cerebrovascular smooth muscle cells in simulated microgravity rats.
POSTSPACEFLIGHT ORTHOSTATIC intolerance has been regarded as one of the major adverse effects of microgravity exposure, and there are still no effective countermeasures (14, 40) . Human studies from bed rest and spaceflight research have indicated that altered autoregulation of the cerebral vasculature may play a key role in the occurrence of postspaceflight orthostatic intolerance (1, 14, 40) . In the past decades, ground-based animal studies with the tail-suspended hindlimb-unweighting rat model, which has been used widely to simulate physiological effects of microgravity (26) , have revealed that simulated microgravity induces cerebrovascular adaptations including increased myogenic tone (10) , enhanced vasoreactivity (41) , hypertrophic remodeling, and endothelial dysfunction (35) . These findings suggest that the function and structure remodeling in the cerebrovasculature could be one of the critical factors in postspaceflight orthostatic intolerance (40) , but the cellular mechanisms remain unknown.
Growth, apoptosis, low-grade inflammation, and fibrosis are some mechanisms that have been invoked in arterial remodeling (16) . In particular, apoptosis is an active, gene-regulated cell death, which has been considered to play an important role in fine-tuning vessel morphogenesis and homeostasis. It has been reported that vascular apoptotic remodeling is prominent in many cardiovascular diseases associated with physiologies/ pathologies, such as hypertension, restenosis, aneurysms, diabetes, and atherosclerosis (18) . However, it is still unknown whether apoptosis of vascular smooth muscle cells (VSMCs) occurs or increases/decreases in cerebrovascular adaptations during real/simulated microgravity.
The large-conductance calcium-activated K ϩ (BK Ca ) channels are highly expressed in VSMCs and play an essential role in the regulation of various functions (7, 11) . Activation of BK Ca channels has been considered to regulate vascular tone in a negative feedback manner that limits cerebrovascular constriction or prevents vasospasm against increased intracellular Ca 2ϩ concentration and membrane potential depolarization (23, 34) . It has been demonstrated that hypertension, atherosclerosis, hypercholesterolemia, and diabetes are all associated with altered function and expression of BK Ca channels in VSMCs (5, 6) . Our previous work (36) reported that BK Ca current densities increased in cerebral VSMCs of midterm (4 wk) simulated microgravity rats. We also observed enhanced single-channel activities of BK Ca channels in cerebral VSMCs of short-term (1 wk) simulated microgravity rats (37) . These results are similar to those obtained in genetically and nongenetically hypertensive rats (5, 36) .
Besides its electrophysiological function in vascular relaxation, BK Ca channel has also been reported to be involved in apoptosis of cultured pulmonary artery smooth muscle cells (PASMCs) (2, 19) . However, previous studies in cerebral arteries mostly focused on changes of function and expression in BK Ca channels (5, 6, 23, 25, 28) . Little is known about the role of BK Ca channel in mediating vascular structure remodeling. Therefore, we designed the present work to investigate whether activation of BK Ca channel is involved in cerebrovascular apoptotic remodeling in shortterm (1 wk) simulated microgravity rats. In animal studies, we specifically investigated the alterations of BK Ca channels by comparing the whole cell current densities, single-channel properties, and expressions of BK Ca ␣-and ␤ 1 -subunits in cerebral VSMCs obtained from control and simulated microgravity rats.
Furthermore, we assessed the apoptosis by transmission electron microscopy and in situ terminal deoxynucleotidyltransferase (TdT)-mediated dUTP-biotin nick-end labeling (TUNEL) in cerebral VSMCs from the same rat strains. Finally, double staining of BK Ca channel ␣-subunit and cell nucleus were performed to evaluate the correlation of BK Ca channel and apoptosis in cerebral VSMCs. In cell studies, we coexpressed the functional hSlo␣ϩ␤1 channel (human BK Ca channel ␣-ϩ ␤ 1 -subunits) into human embryonic kidney (HEK293) cells to study BK Ca channels in isolation with transfection. It is known that there are many different endogenous ion channels in native VSMCs. These endogenous ion channels may interfere or interact with vascular BK Ca channels and play a complicated response. As an efficient test system, HEK293 cells have demonstrated that endogenous currents are very small, and there are no endogenous BK Ca currents in native HEK293 cells. The effects of BK Ca channels on apoptosis were determined by patch clamp and immunochemistry in transfected HEK293 cells. Taken together, the results of the present study provided initial evidence that activation of BK Ca channels is associated with increased apoptosis of cerebral VSMCs in 1-wk simulated microgravity rats, which may provide a novel mechanism for cerebral arterial remodeling during microgravity or other hypertensive disorders.
MATERIALS AND METHODS
All animal procedures described in this study were performed in adherence with the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health (NIH Pub. No. 85-23, revised 1996) and with approval from the Fourth Military Medical University Committee on Animal Care. Unless otherwise stated, all chemicals and reagents used in this study were obtained from Sigma Chemical.
Animal Model
The tail-suspended, hindlimb-unweighting rat model was used to simulate the cardiovascular effects of microgravity (26, 36) . A total of 80 male Sprague-Dawley rats, 7-9 wk of age and weighing between 200 and 250 g, were randomly assigned into two groups (n ϭ 40/group): 1-wk tail suspension (Sus) and simultaneous control (Con). The Sus rats were maintained in an about Ϫ30°head-down tilt position with their hindlimbs unloaded and caged individually. The Con rats in individual cages were treated similarly except for the tail suspension. At the end of a 7-day simulation period, animals were anesthetized and killed by exsanguination via the abdominal aorta. The wet weight of the left soleus and the length of the left tibia were measured to confirm the efficacy of deconditioning and to monitor any effect on growth.
Isolation of Cerebral VSMCs
Enzymatic isolation of single VSMCs was carried out as previously described (36) . Briefly, brain tissues were rapidly removed and placed in 4°C cold physiological salt solution (PSS). PSS contained (in mM) 137 NaCl, 5.6 KCl, 1 MgCl 2, 0.42 Na2HPO4, 0.44 NaH2PO4, 4.2 NaHCO3, and 10 HEPES, equilibrated with 95% O2 and 5% CO2; pH was adjusted to 7.4 with NaOH. The superior, middle, and basilar cerebral arteries with the circle of Willis (diameter 300 -500 m) were dissected and cleaned. The vessel segments were digested with 4 mg/ml papain (BIB), 2 mg/ml dithioerythritol (Amresco), 1 mg/ml BSA, and 5 mM taurine in PSS at 37°C for 18 min. Vessel segments were then transferred to enzyme-free PSS containing 1 mg/ml BSA and 5 mM taurine at room temperature for 10 min and triturated with a flame-polished pipette to disperse VSMCs. Isolated VSMCs were suspended in Ca 2ϩ -free PSS containing 1 mg/ml BSA and 5 mM taurine and stored at 4°C for use within 8 h.
Electrophysiological Measurements
Patch-clamp recordings were performed as previously described (36, 37) . Whole cell and single-channel BK Ca currents were recorded with an amplifier (CEZ-2300, Nihon Kohden) and a version interface (Axon Instruments). Command voltage protocols and data acquisition were performed with pCLAMP software (version 8.0, Axon Instruments). Patch pipettes (tip resistance 2-6 M⍀ when filled with a pipette solution) were fabricated on an electrode puller (Narishige) with borosilicate glass capillary tubing. A coverslip containing the cells was positioned in a 2-ml recording chamber and superfused with the extracellular (bath) solution. All measurements were performed at room temperature (22-24°C) .
Whole cell BK Ca currents were measured with the conventional voltage clamp configuration. Cell capacitance (Cm) and access resistance (Ra) were estimated from the capacitive current transient evoked by applying a 20-mV pulse for 40 ms from a holding potential of Ϫ60 mV to Ϫ40 mV. Current densities were obtained by normalizing currents to C m. To identify the characteristics of BKCa current, the cells were superfused with bath solution containing the specific pharmacological agonist (30 M NS-1619) and blocker [100 nM iberiotoxin (IBTX)] of BK Ca channel or a nonselective BKCa inhibitor [1 mM tetraethylammonium (TEA)], which predominantly blocks BK Ca channel currents at doses of Յ1 mM (27) . The extracellular (bath) solution contained (in mM) 135 NaCl, 5 KCl, 1.8 CaCl2, 1 MgCl2, 10 HEPES, 10 glucose, and 5 4-aminopyridine (4-AP), equilibrated with 95% O2-5% CO2 at pH 7.4 adjusted by NaOH. 4-AP in the bath solution was used to exclude the interference from voltage-dependent K ϩ (KV) channel currents (27) . The internal (pipette) solution contained (in mM) 50 KCl, 70 K-Asp, 8 NaCl, 2 MgCl 2, Na2ATP, 0.5 GTP, 10 HEPES, 1 CaCl2, and 2 EGTA equilibrated with 95% O2-5% CO2 at pH 7.2 titrated with KOH. The concentration of total free Ca 2ϩ in pipette solution was calculated to be 156 nM according to the program Maxchelator (http://www.stanford. edu/ϳcpatton/webmaxc/webmaxcS.htm).
Single-channel currents of BK Ca channel were recorded with excised inside-out membrane patches. The unitary amplitude (Am) and open probability (NPo, where N is number of channels) of the BKCa channel were estimated by the computer program Clampfit 9.0. In some experiments, pipette tips were briefly loaded with drug-free pipette solution and then back-filled with pipette solution containing 100 nM IBTX. The pipette (external) solution contained (in mM) 40 K-Asp, 100 KCl, 1.0 CaCl 2, and 10 HEPES equilibrated with 95% O2-5% CO2 at pH 7.4 titrated with KOH. The bath solution contained 100 K-Asp, 40 KCl, 10 HEPES, 2 EGTA, and 1.98 CaCl2 equilibrated with 95% O2-5% CO2 at pH 7.4 titrated with KOH. The concentration of total free Ca 2ϩ in the bath solution was calculated to be 10 M according to the program Maxchelator.
Evaluation of BKCa Protein Expression by Western Blotting
Protein samples of cerebral arteries were prepared according to published methods (21, 38) . Briefly, isolated cerebral arterial specimens were minced into small pieces and homogenized on ice containing tissue protein extraction reagent (T-PER, Pierce) and protease inhibitor (Halt, Pierce). The concentration of protein samples was determined by the bicinchoninic acid method (Pierce), with BSA as a standard. Equivalent amounts of proteins from Con and Sus rats were loaded to adjacent lanes for 8% (BK Ca ␣-subunit) or 12% (BKCa ␤1-subunit) SDS-PAGE and each sample based on tissue pooled from four or five animals. After size separation, proteins were transferred onto a nitrocellulose membrane and blocked with 5% nonfat dry milk in PBS containing 0.1% (wt/vol) Tween 20 (PBS-T) overnight at 4°C. Subsequently, the membranes were incubated with a 1:200 dilution of rabbit polyclonal antibody against BK Ca ␣-subunit (Alomone Labs, Jerusalem, Israel) or BKCa ␤1-subunit (Santa Cruz Biotechnology, Santa Cruz, CA) in PBS containing 0.1% (wt/vol) BSA at 4°C overnight. The membranes were then incubated for 2 h with horse-radish peroxidase-labeled goat anti-rabbit IgG in PBS-T containing 2% nonfat dried milk. A monoclonal mouse antibody against the structural protein ␤-actin was used as a lane-loading control. The bound antibody was detected by enhanced chemiluminescence (ECL, Amersham). The densities of immunoreactive bands associated with anti-␣-or anti-␤ 1-subunit of BKCa channel were expressed as a percentage of the ␤-actin density for each lane. Densitometry analysis of bands was performed by Scion Image (Scion, Frederick, MD).
Immunocytochemistry Double Staining
To evaluate the relationship between BKCa channel and apoptosis in cerebral VSMCs, double staining was performed with BKCa ␣-subunit antibody and nuclear dye as previously reported (32) . Briefly, fresh isolated cerebral VSMCs were attached to chamber slides previously treated with 0.01% (wt/vol) poly-L-lysine hydrobromide in H 2O and washed with PBS. Cells were fixed with 95% (vol/vol) ethanol in PBS buffer for 20 min at room temperature. To permeabilize the cell membrane, fixed cells were treated with 1% (vol/vol) Triton X-100 in PBS for 1 h at room temperature. Cells were then incubated with a 1:50 dilution (in PBS containing 0.2% Triton X-100 and 1% goat serum) of BK Ca ␣-subunit antibody (Alomone Labs) overnight at 4°C, followed by 30 min at 37°C. After being washed three times for 10 min with 0.2% Triton X-100 in PBS, cells were incubated at room temperature for 60 min with rhodamine [tetramethylrhodamine isothiocyanate (TRITC)]-conjugated AffiniPure goat anti-rabbit IgG in a 1:100 dilution (Santa Cruz). Anti-BK Ca ␣-subunit antibody was replaced by normal rabbit serum as a negative control. The cell nuclei were stained with the membrane-permeant nucleic acid stain 4=,6-diamidino-2-phenylindole (DAPI, 5 M). DAPI was dissolved in an antibody buffer containing 500 mM NaCl, 20 M NaN 3, 10 M BgCl2, and 20 M Tris·HCl (pH 7.4). Cells with double staining were examined with a fluorescence microscope.
Transmission Electron Microscopy
For electron microscopic observations, sections of basilar arteries from Sus and Con rats were carefully removed and fixed with 2.5% glutaraldehyde and 1% paraformaldehyde overnight at 4°C. After a wash in sodium cacodylate buffer, the sections were postfixed in 1% osmium tetroxide in the same buffer for 15 min and then dehydrated through a graded series of ethanol, stained en bloc with 1% uranyl acetate, and embedded in Epon. Subsequently, ultrathin sections were obtained by ultramicrotome (Ultracut UCT, Leica) with a diamond knife. Ultrathin sections were contrasted with lead citrate, and the medial areas were examined with a transmission electron microscope (JEOL-1011, JEOL, Tokyo, Japan) at 80 kV.
Terminal Deoxynucleotidyltransferase-Mediated dUTP-Biotin NickEnd Labeling
Basilar artery cross sections were prepared essentially as previously described (9) . Under a pressure of 80 mmHg, anesthetized rats were perfused with PBS containing 10 g/ml sodium nitroprusside for 15 min at 37°C through a cannula inserted into the root of the aorta. Subsequently, the vasculature was perfused and in situ fixed with 4% paraformaldehyde. The basilar artery was then carefully removed and embedded in paraffin, and 5-m-thick cross sections were cut.
Apoptosis was detected in situ on basilar artery cross sections with the DeadEnd Colorimetric TUNEL System (Promega). Briefly, cross sections were dewaxed, rehydrated, and incubated with 20 g/ml proteinase K to permeabilize for 20 min. Endogenous peroxidase was blocked by incubation in 0.3% hydrogen peroxidase in PBS for 5 min at room temperature. Fragmented DNAs were nick end-labeled with a mixture of recombinant TdT (rTdT) enzyme and biotinylated nucleotide mix in an equilibration buffer for 90 min at 37°C. The reaction was stopped by 15-min incubation in standard sodium citrate (SSC) solution containing 0.39 M NaCl and sodium citrate. After 30-min incubation, horseradish peroxidase-labeled streptavidin (streptavidin HRP) was then bound to these biotinylated fragmented DNAs, which were detected with the peroxidase substrate hydrogen peroxide and the stable chromogen diaminobenzidine (DAB). The sections were counterstained with hematoxylin. In negative control experiments, TdT was omitted from the labeling mixture, and no staining was detected. The TUNEL index (%) was calculated by the equation 100 ϫ (number of TUNEL-positive nuclei/total number of nuclei) in the medial layer of the basilar artery.
Coexpression of BK Ca Channel ␣-and ␤1-Subunits in HEK293 Cells
Cell culture and transfection. The hSlo␣ϩ␤1 (human BKCa channel ␣-ϩ ␤1-subunits) cDNA plasmid of BKCa channel (in the expression vector pIRES, Clontech) was a gift from Dr. J. D. Lippiat (Dept. of Cell Physiology and Pharmacology, University of Leicester, Leicester, UK) (22) . HEK293 cells were cultured in DMEM (GIBCO) supplemented with 10% FBS (HyClone). The cells were grown at 37°C in a humidified atmosphere containing 5% CO 2 and subcultured approximately every 3 days. When cultured HEK293 cells grew at 90 -95% confluence, the transfections were performed. With Lipofectamine 2000 (Invitrogen), the pIRES-hSlo␣ϩ␤1 construct was transiently transfected into HEK293 cells together with pEGFP-N1 (Clontech), which expresses green fluorescent protein (GFP), as a marker for transfection. The ratio of pIRES-hSlo␣ construct and pEGFP-N1 plasmid (in micrograms) was 10:1. Fresh medium containing 0.6 mg/ml G418 was changed to transfected HEK293 cells 24 h after transfection. According to previous reports (30), the transfected HEK293 cells were cultured in 1% FBS ϩ 1% insulintransferrin-selenium (ITS) during the pharmacological experiments to diminish the interference of serum on cell apoptosis.
Patch-clamp recordings in transfected HEK293 cells. Whole cell and single-channel currents of BK Ca channel were recorded as described previously (21, 24) . Transfected HEK293 cells that fluoresced green when illuminated with a UV light source were selected for electrophysiological recording.
Morphological assessment of apoptotic cells. As described previously (8), two fluorescent nuclear binding dyes, Hoechst 33342 and propidium iodide (PI), were used to discriminate and assess apoptotic, necrotic, and normal cells on the basis of nuclear morphology. After treatment of cells for 24 h with 30 M NS-1619, 1 mM TEA, or 100 nM IBTX, Hoechst 33342 and PI were added to the culture medium to a final concentration of 5 g/ml. Cells were evaluated by fluorescence microscopy according to the following grading system: normal nuclei (blue chromatin with organized structure), apoptotic cells (bright fluorescent chromatin that is highly condensed or fragmented), and necrotic cells (red fluorescent chromatin). For each data point, eight separate independent experiments of cell populations were prepared. In each group, 5-10 fields (with 20 -25 cells/field) were randomly selected to determine the percentage of apoptotic cells in the total cells based on the morphological characteristics of apoptosis. A total of at least 1,000 cells were counted and quantified in each petri dish. The apoptotic index (in %) was calculated as number of apoptotic cells/total cells counted ϫ 100. Scoring was done in blinded manner. In some experiments, TUNEL assays were also performed with the in situ DeadEnd Colorimetric TUNEL System (Promega) to detect apoptosis.
Statistical Analysis
Data are expressed as means Ϯ SE. A one-way ANOVA was used to determine the overall differences in BK Ca current densities, unitary current amplitudes (Am), and open probability (NPo) between groups. Student's t-test was used to determine the significance of differences in body weights, soleus wet weights, and tibia lengths between groups. A value of P Յ 0.05 was considered to be statistically significant. NP o of channels was calculated from NPo ϭ I/Ni, where I is the time-averaged current, N is the number of active channels, and i is the single-channel current. In some cases, NP o was calculated as 
RESULTS

Physical Characteristics of Experimental Animals
As summarized in Table 1 , there were no significant differences in either final body weight or left tibia length between Sus and Con rats, suggesting a normal growth rate during simulated microgravity. However, after 1-wk tail suspension, the wet weight of left soleus in Sus rats was ϳ40% less than that in Con rats (P Յ 0.05), indicating the deconditioning effects of simulated microgravity (26) .
Augmented Activities of BK Ca in Cerebral VSMCs Isolated from Sus Rats
Whole cell and single-channel patch-clamp techniques were used to identify the properties of BK Ca channels. Whole cell currents in isolated cerebral VSMCs showed time-and voltagedependent outward currents and increased noise to higher positive potentials. Extracellular application of NS-1619 (30 M for 2-7 min), the specific agonist of BK Ca channel, significantly and reversibly amplified the whole cell currents by five-to sixfold. Subsequently, extracellular application of 100 nM IBTX, the specific blocker of BK Ca channel, significantly reduced the amplitude of the outward currents and diminished the current noise associated with higher positive command potentials. Current-voltage (I-V) relationship curves were generated by plotting currents against command potentials (Fig. 1A) . From excised inside-out patches, the step depolarizations ranging from 0 to ϩ60 mV induced voltagedependent outward currents. The I-V curve was generated by A m against command potentials, which indicated that the single-channel conductance (slope conductance of the channel responsible for currents) was 203 Ϯ 10 pS (Fig. 1B) . The mean value of BK Ca channel conductance obtained from isolated cerebral VSMCs agrees well with the 100 -300 pS of previous descriptions (7, 11) . Furthermore, when membrane potential was held at ϩ40 mV, application of 100 nM IBTX to the outside of the patch surface led to a complete inhibition in NP o and Am (Fig. 1C) . Taken together, these results clearly identified the properties of BK Ca currents recorded from isolated cerebral VSMCs (11, 27) .
Whole cell BK Ca currents recorded from cerebral VSMCs in Con rats showed a smaller but consistent component of traces, whereas currents recorded from cerebral VSMCs in Sus rats showed a noisier and larger component of traces. I-V relationships were further expressed in terms of current densities, calculated with the estimated C m (Fig. 2A) . BK Ca current density was significantly increased in Sus compared with Con rats (P Յ 0.05), showing the alterations due to simulated microgravity. Figure 2B shows the representative traces of single-channel currents obtained at 0, ϩ20, ϩ40, and ϩ60 mV from inside-out patches in Con and Sus cerebral VSMCs. Plots of NP o and A m against membrane potentials are compared between Con and Sus rats. NP o of BK Ca channels significantly increased in Sus rats compared with their control rats (P Ͻ 0.05). However, there were no significant differences in the unitary conductance between Con and Sus groups, which indicated single-channel conductance of 206 Ϯ 6 pS (Con) and 218 Ϯ 9 pS (Sus).
Altered Expression of BK Ca Channel ␣-and ␤ 1 -Subunits in Cerebral Arteries from Sus Rats
Cerebral arterial BK Ca channel expression was further analyzed by Western blot using anti-BK Ca ␣-and ␤ 1 -subunit antibodies in the membranes (Fig. 3A) . In the bottom membrane, expressions of ␤-actin (42 kDa) internal control were similar in different lanes, showing equal loading of proteins. Averaged data expressed as percentage of the ␤-actin signal showed a twofold increase in BK Ca ␣-subunit expression in Sus cerebral arteries compared with Con. However, there was an increased (but not significant) expression of BK Ca ␤ 1 -subunit in Sus cerebral arteries compared with that in Con. In agreement with the Western blotting, immunocytochemistry double staining of isolated cerebral VSMCs with anti-BK Ca ␣-subunit antibody and DAPI demonstrated the enhanced red fluorescence intensity in Sus rats compared with Con rats (Fig.  3B) . The bright field images (Fig. 3 , Ba and Bb) and UV light images (Fig. 3 , Bc and Bd) were illustrated to show the expression levels of BK Ca ␣-subunit on the cell membrane (red fluorescence) and morphology of chromatin (blue fluorescence). On the basis of the morphological characteristics of apoptosis, the cerebral VSMCs with increased expression of BK Ca ␣-subunit were defined as apoptotic cells by their significantly shrunken cell surface (Fig. 3Bb) and remarkably condensed nucleus (Fig. 3Bd) .
Increased Apoptosis in Cerebral VSMCs from Sus Rats
To investigate cerebral VSMC apoptosis in detail, basilar arterial sections were examined by transmission electron microscopy. In the medial area, some cerebral VSMCs displayed chromatin condensation or fragmentation (Fig. 4A) , which is the morphological characteristic for VSMCs undergoing apoptosis. To access the cerebral VSMC apoptosis in quantitation, cerebral VSMCs with a brown-yellow nuclear labeling were defined as TUNEL positive (Fig. 4 , Ba and Bb). Some TUNEL-positive nuclei appeared to turn blue after counterstaining with hematoxylin (Fig. 4, Bc and Bd) . Averaged data indicated that TUNEL index in the media of basilar arteries significantly increased by fivefold in Sus compared with that in Con. These results suggested that simulated microgravity could induce cerebral VSMC apoptosis in vivo.
Characterization of hSlo␣ϩ␤1 Channels Expressed in HEK293 Cells
In cell studies, we coexpressed the hSlo␣ϩ␤1 channel into HEK293 cells (HEK-hSlo␣ϩ␤1) . In most cases of our study, Ͼ90% efficiency could be achieved (Fig. 5, A and B) . The outward currents in nontransfected native HEK293 cells and HEK-hSlo␣ϩ␤1 cells were compared by whole cell (Fig. 5C ) and inside-out excised (Fig. 5D ) patch configurations. The endogenous currents are much smaller in native HEK293 cells than those recorded from HEK-hSlo␣ϩ␤1 cells, which do not significantly contaminate the recordings. These results indicated that hSlo␣ϩ␤1 channel expressed in HEK293 cells exhibits functional features similar to native BK Ca channels in VSMCs (Fig. 1) (21, 24) .
Activation of Cloned BK Ca Channel-Induced Apoptosis in HEK-hSlo␣ϩ␤1 Cells
Approximately 2.3% and 3.1% apoptotic cells were detected in the control of nontransfected native HEK293 and HEK-hSlo␣ϩ␤1 cells, respectively, which indicated a normal growth rate in transfected HEK293 cells (Fig. 6) . Acute application of NS-1619 significantly increased cloned BK Ca currents in HEK-hSlo␣ϩ␤1 cells (Fig. 6A) . Furthermore, treatment of HEK-hSlo␣ϩ␤1 cells with NS-1619 (30 M) for 24 h significantly caused 18.9 Ϯ 0.84% of cells (P Յ 0.05) to undergo apoptosis. On the contrary, TEA (1 mM) or IBTX (100 nM), the BK Ca channel blockers, not only inhibited cloned BK Ca currents (Fig. 6A) but also markedly inhibited the NS-1619-induced apoptosis in HEKhSlo␣ϩ␤1 cells, respectively. In contrast, treatment of HEK-hSlo␣ϩ␤1 cells with 30 M NS-1619 for 24 h did not induce significant difference in necrotic rates (red fluorescent chromatin) compared with vehicle controls (2 Ϯ 0.9% vehicle vs. 3 Ϯ 0.8% NS-1619 group). In addition, simultaneous treatment of native HEK293 cells with NS-1619, NS-1619 ϩ TEA, and NS-1619 ϩ IBTX for 24 h did not significantly increase apoptotic rates. Therefore, the inhib- itory effects of TEA and IBTX on NS-1619-induced apoptosis imply that activation of BK Ca channel is involved in triggering apoptosis in transfected HEK293 cells.
DISCUSSION
The present study demonstrated that activation of BK Ca channel is associated with increased apoptosis in cerebral VSMCs of 1-wk simulated microgravity rats. This finding may have profound implications that BK Ca channel-mediated apoptosis may be a function and structure impairment in the cerebral microcirculation during real/simulated microgravity or other cardiovascular diseases. Our specific new findings show that 1) activities of BK Ca channels were enhanced during 1-wk simulated microgravity in cerebral resistance arteries, which represents a fundamental compensatory mechanism to buffer acute or chronic hypertension in cerebral arteries; 2) apoptosis is increased, suggesting that apoptotic remodeling has been attributed to regression in cerebral arterial adaptations during simulated microgravity; and 3) activation of BK Ca channels is associated with increased apoptosis in cerebral VSMCs, which is further confirmed in cell studies: activation of cloned BK Ca channels induced apoptosis in HEK-hSlo␣ϩ␤1 cells.
Functional and Structural Adaptations in Cerebral Arteries During Real/Simulated Microgravity
There is a blood pressure gradient from the head to the feet in humans at 1 G in the upright posture. With exposure to microgravity, all gravitational blood pressure gradients are lost. Thus blood vessels in lower body regions are exposed to lower than normal upright 1-G blood pressure, whereas vessels in cerebral circulation are exposed to higher than normal 1-G blood pressure (1, 14, 40) . A number of human studies from both bed rest and real space research have provided evidence that cerebral autoregulation may be altered and adjust to elevated arterial and intracranial pressures in microgravity (1, 14) . In addition, ground-based animal studies indicated that simulated microgravity induced cerebrovascular hypertrophic adaptations (10, 35, 40, 41) . These observations indicated that functional and structural adaptations in cerebral arteries may be triggered by elevated pressure due to real/simulated microgravity that are similar to those changed in hypertension (5, 40) . In fact, the vascular system starts to remodel its structure only within hours after initiation of the stress (12, 15) . The resultant remodeling of cerebral arteries may initially be adaptive, but eventually it becomes maladaptive, contributing to cardiovascular dysfunction and ultimately leading to postspaceflight orthostatic intolerance (40) .
Activation of BK Ca Channels in Cerebral VSMCs in Simulated Microgravity Rats
Graded increases in intravascular pressure can depolarize VSMCs and then increase intracellular Ca 2ϩ concentration by activating voltage-dependent calcium channels (VDCCs). Increased cytoplasmic Ca 2ϩ activates ryanodine receptors, producing localized Ca 2ϩ release events in micromolar concentrations (Ca 2ϩ sparks) from the sarcoplasmic reticulum. These Ca 2ϩ sparks activate adjacent clusters of BK Ca channels and then hyperpolarize the membrane potential, which leads to a reduction in intracellular Ca 2ϩ and vascular relaxation (20) . The activation of BK Ca channel is considered to be an important protective mechanism against an elevated cerebral perfusion pressure and regulates the dynamic equilibrium between constriction and relaxation (7, 11) . Our previous study (36) observed that whole cell BK Ca currents increased in cerebral VSMCs of midterm (4 wk) simulated microgravity rats. Furthermore, in the cell-attached mode, we also demonstrated (37) that the NP o of BK Ca channels significantly increased in cerebral VSMCs of short-term (1 wk) simulated microgravity rats due to an elevation of intracellular Ca 2ϩ . With whole cell, inside-out patch membranes, and Western blotting, the present work provided comprehensive evidence that short-term (1 wk) simulated microgravity increased activities of BK Ca channel in cerebral VSMCs of rats. Compared with Con rats, BK Ca current density and NP o were significantly increased (Fig. 2 ) and the expression of BK Ca ␣-subunit was twofold increased (Fig. 3A) in cerebral arteries from Sus rats. However, there were no significant changes in the expression of BK Ca ␤ 1 -subunit in cerebral arteries between Sus and Con rats, which is in accordance with a previous report that BK Ca ␤ 1 -subunit expression in mesenteric arteries was not different at the beginning of development in hypertension (3) . From detailed inside-out currents, the conductance of BK Ca channel, which is a function of unitary current amplitude (i), was similar between Con and Sus membrane patches (Fig. 2B) . We supposed that activation of BK Ca channel in cerebral arteries of Sus rata may be due to the elevation of intracellular Ca 2ϩ (36, 37) and represent a compensatory reaction in response to increased cerebrovascular pressure during simulated microgravity.
Increased Apoptosis in Cerebral VSMCs due to Simulated Microgravity
In normal blood vessels, apoptosis counteracts cell division and contributes to maintain homeostasis in postnatal vascular remodeling (4), whereas apoptosis is especially crucial for regulating vascular wall adaptations in many cardiovascular diseases (2, 4, 29, 31) . Many proapoptotic factors for VSMCs have been identified, such as cytokines, hormones, oxidized lipids, vasoactive substances, and mechanical factors (29) . In particular, compelling data from genetic disorders (33) and experimental studies suggest that changes in hemodynamic and mechanical forces are major modulators for VSMC apoptosis during vascular remodeling (18) . In the present study, we demonstrated that VSMC apoptosis was significantly increased in basilar arteries of 1-wk simulated microgravity rats (Fig. 4) . We supposed that elevated transmural pressures due to simulated microgravity may trigger the apoptotic process.
Activation of BK Ca Channel Is Associated with Increased Apoptosis In Vivo and In Vitro
From double-staining experiments, we observed that the cerebral VSMCs with upregulation of BK Ca ␣-subunit expression showed the characteristic cell shrinkage and nuclear condensation (Fig. 3) , which is the direct evidence that activation of BK Ca channel is associated with apoptosis in vivo. In cell studies, this contention is further confirmed by the data obtained from HEK-hSlo␣ϩ␤1 cells. NS-1619 not only increased the activities of BK Ca channel but also significantly increased apoptosis in HEK-hSlo␣ϩ␤1 cells, whereas 1 mM TEA or 100 nM IBTX not only blocked the BK Ca currents but also significantly decreased the NS-1619-induced apoptosis (Fig. 6 ). In addition, we have demonstrated (24) that NS-1619 significantly induced apoptosis in HEK293 cells expressing the ␣-subunit alone (HEK-hSlo␣ cells), whereas 100 nM IBTX can inhibit NS-1619-induced apoptotic rates from 20.6 Ϯ 2.0% to 2.3 Ϯ 1.4% in HEK-hSlo␣ cells. Because the endogenous currents are small and there are no endogenous BK Ca currents in native HEK293 cells (39) , the inhibitory effects of IBTX or TEA on NS-1619-induced apoptosis in HEK-hSlo␣ϩ␤1 cells strictly indicated that activation of BK Ca channel is involved in regulating apoptosis. These observations from cloned BK Ca channels are inconsistent with the results observed in PASMCs (2), ovarian cancer cells (13) , and hemopoietic CD34ϩ cells (17) . Taking these observations together, it is reasonable to make a conclusion that activation of the BK Ca channel is associated with increased apoptosis in vivo and in vitro.
It is noteworthy that NS-1619 has also been reported to induce strong elevation of intracellular Ca 2ϩ by releasing Ca 2ϩ from the intracellular pools (17) and then depolarize mitochondria in triggering apoptosis (13, 17) . In the present study, NS-1619, TEA ϩ NS-1619, and IBTX ϩ NS-1619 have no apoptotic effects in nontransfected native HEK293 cells (Fig.  6) , which suggested that NS-1619-induced apoptosis is mainly due to its activation of cloned BK Ca channels in HEKhSlo␣ϩ␤1 cells.
Study Limitations and Perspectives
First, it is noted that HEK293 cells are different from native VSMCs. For example, membrane potential and intracellular calcium in HEK293 cells and VSMCs may have different changes in response to activation of BK Ca channel. Therefore, the results from such an artificial model with overexpression of BK Ca channels may not be generalized to the native physiological systems. Further work in our study needs to confirm these results in cultured cerebral VSMCs.
The second limitation of the present study is the lack of mechanistic link between BK Ca channel and apoptotic inducers in intrinsic (mitochondrial) or extrinsic (death receptor) pathways of apoptosis. It has been reported that activation of BK Ca channel significantly decreased the concentration of intracellular K ϩ due to a sustained K ϩ efflux. Thus the resultant K ϩ loss resulted in cell shrinkage (apoptotic volume decrease) and relieved its tonic suppression of caspase or nuclease activity (2) . In recent work, we have found that activation of cloned BK Ca channel by 30 M NS-1619 induced apoptosis associated with the decreased expression of Bcl-2, increased intracellular Ca 2ϩ , and depolarization of mitochondrial membrane potential (data not shown). However, the focus of our present work is only to confirm the observation that activation of BK Ca channels is associated with increased apoptosis of cerebrovascular smooth muscle cells in simulated microgravity rats by different methods.
Third, the limitation of single-channel recordings might introduce a bias in the data interpretation. For example, an increase in NP o can be caused by an increase in number of channels or an increase in open probability with or without an increase in number of channels. In future work, the singlechannel recordings need to be improved.
Summary and Conclusions
The present work provided comprehensive evidence that enhanced activities of BK Ca channel were positively associated with increased apoptosis in cerebral VSMCs of 1-wk simulated microgravity rats, which is further confirmed by work in transfected HEK293 cells: activation of cloned BK Ca channel by NS-1619 induced apoptosis, whereas IBTX and low-dose TEA inhibited NS-1619-induced apoptosis in HEK-hSlo␣ϩ␤1 cells. These results suggested that BK Ca channel may be a critical mechanism involved in arterial structural remodeling, and BK Ca channel-mediated apoptosis would be a novel way for the prevention or treatment of hypertension.
